The second critical endpoint in the basalt-H 2 O system was directly determined by a high-pressure and high-temperature X-ray radiography technique. We found that the second critical endpoint occurs at around 3.4 GPa and 770°C (corresponding to a depth of approximately 100 km in a subducting slab), which is much shallower than the previously estimated conditions. Our results indicate that the melting temperature of the subducting oceanic crust can no longer be defined beyond this critical condition and that the fluid released from subducting oceanic crust at depths greater than 100 km under volcanic arcs is supercritical fluid rather than aqueous fluid and/or hydrous melts. The position of the second critical endpoint explains why there is a limitation to the slab depth at which adakitic magmas are produced, as well as the origin of across-arc geochemical variations of trace elements in volcanic rocks in subduction zones.
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water | island arc | silicate melt | synchrotron X-ray | high-pressure research W ater plays an important role in subduction-zone magmatism because it can reduce the melting temperature of rocks in subduction zones and hence can generate magmas (1) (2) (3) (4) (5) (6) (7) . There is a long-standing debate about whether the fluids released from a subducting slab are aqueous fluid, hydrous silicate melt, supercritical fluid (SCF), or a combination of these (2, 4, (8) (9) (10) (11) (12) . Whether the subducting slab melts or dehydrates depends on the thermal structure and the phase relation of slab materials under hydrous conditions. Therefore, this long-standing question cannot be answered until the detailed stability fields of these fluids are clarified.
Under high-pressure (P) and high-temperature (T) conditions, it has been shown that the solubility of both water in silicate melt (13) (14) (15) (16) and silicate in aqueous fluid (13, (17) (18) (19) (20) (21) (22) (23) (24) (25) increases with increasing P. As a result, silicate melt and aqueous fluid in the interior of the Earth are expected to become SCF, and the hydrous solidus of the system can no longer be defined beyond a certain critical condition (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) . This condition is called the second (or upper) critical endpoint (26) and is the point of intersection between the critical curve and hydrous solidus. Basalt is one of the dominant constituents of a subducting slab and is considered the main carrier of water that triggers the melting of rocks in subduction zones. Therefore, the second critical endpoint in the basalt-H 2 O system has to be determined in order to understand fully the subduction-zone magmatism.
In some silicic silicate-H 2 O systems, the location of the second critical endpoint has been reported [e.g., 1.0 GPa, 1,080°C in the SiO 2 -H 2 O system (13); 1.5 GPa, 670°C in the system NaAlSi 3 O 8 -H 2 O (21); 1.5 GPa, 800°C in the system KAlSi 3 O 8 -H 2 O (36)]. In mafic systems, however, the determination of the second critical endpoints is not easy because of the difficulty in identifying phases (aqueous fluid versus hydrous silicate melt) in the recovered samples quenched from high-P and high-T conditions (25) . The stability fields of fluid phases in mafic systems have to be determined by observing phases directly under high-P and high-T conditions. In the present study, therefore, we determined the second critical endpoint in a basalt-H 2 O system using a high-P and high-T X-ray radiography technique (37) that enabled us to observe aqueous fluid and hydrous silicate melt directly. In addition to the experiments with X-ray radiography, we also conducted long-duration constant-T quench experiments in order to confirm that the equilibrium was attained in our radiographic observations. Table 1 . The stability fields of observed minerals (especially amphibole in the run S1176) in the recovered samples are consistent with previous studies (38, 39) within the experimental uncertainties, indicating that our P-T calibrations (30) are reliable. When experimental P is below the second critical endpoint, and both aqueous fluid and hydrous silicate melt are present, round shapes can be observed in the radiographic images because of the differences in their interfacial tension. In this case, the two-phase boundary between these two fluids is enhanced in the radiographic images because of the X-ray refraction contrast. During heating, this two-phase boundary migrates without exception, because the fluid/melt ratio changes with changing T (Movie S1). Therefore, two fluids are easily identified if they coexist under the experimental P-T conditions. Above the second critical endpoint, on the other hand, the two-phase boundary cannot be observed, because only the SCF is a stable fluid phase (Movie S2). Instead, crystals (mostly garnet) are sometimes observed falling uniformly through the entire sample capsule (Movie S3), which is further evidence that only the SCF is a stable fluid phase under the experimental P-T conditions. This is because not all the crystals fall to the bottom of the sample capsule when two fluids coexist; some are sustained in melt. It was difficult to determine the stability fields of minerals from the radiographic observations.
Results

Experimental conditions and results are listed in
In experiments up to 3.3 GPa ( Fig. 1 A and B and Movie S1), both aqueous fluid and hydrous silicate melt were observed in radiographic images, if the water content of the starting materials was within the solvus between aqueous fluid and silicate melt at the experimental P. On the other hand, these two fluids could not be distinguished in radiographic images ( Fig. 1C and Movies S2 and S3) in any of the runs with various water contents above 3.6 GPa. When the samples were quenched under conditions where the two fluids could be observed, void spaces and tiny glass spheres (approximately 10-μm diameter) were observed in the recovered samples ( Fig. 1 D-K) . These void spaces and glass spheres are considered to be quenched aqueous fluid. Hydrous silicate melts were quenched into glasses at lower P ( Fig. 1 E, G, and H), whereas they were quenched into a mixture of quench crystals and glasses at higher P ( Fig. 1J ). No voids were found in the recovered samples quenched from >3.6 GPa ( Fig. 1 L-P). Instead, quench crystals were distributed throughout the entire sample capsules ( Fig. 1 L-P) , which is consistent with the fact that the two fluids cannot be distinguished in radiographic images above 3.6 GPa.
Quench products from long-duration constant-T quench experiments also revealed that aqueous fluid and silicate melt can be distinguished at P less than 3.3 GPa (Table 1 ). In the samples quenched at 2.0 GPa, void spaces and tiny glass spheres (approximately 10-μm diameter) were observed around spherically shaped globules of a mixture composed of quench crystals and glass. We consider the former void and tiny glass spheres to be quenched from the aqueous fluids, and the mixture globules from melts. In the recovered samples quenched from P values above 3.4 GPa, the two-type discrete quenched materials were no longer recognized; quench crystals were distributed throughout the entire sample capsule. These characteristics are consistent with the textures of the recovered samples quenched after the X-ray radiography. It can be concluded, therefore, that our radiographic studies were done under equilibrium conditions.
Representative chemical compositions of the phases in the recovered products are listed in Table 2 . The composition of the supercritical fluid of the run S1077 is close to that of the starting material, which confirms that our experiments were done under closed-system conditions. It was impossible to determine the composition of aqueous fluid in the experimental runs at lower P, because the size and amount of quenched materials were not sufficient to permit analysis. With increasing P, however, the amount of quenched material from the aqueous fluid increased. Compositions of aqueous fluid could be determined for the runs S997 and S1194, and they are roughly in the range of adakitic dacite on a dry basis ( Table 2 ). Compositions of silicate melts in these runs S997 and S1194 are basaltic on a dry basis, indicating that hydrous basaltic melts can coexist with adakitic dacite under the experimental conditions. Because quenched materials from both the aqueous fluid and SCF are heterogeneously distributed in the epoxy matrix, the difference from 100 wt % does not necessarily represent the water content in the measured phase.
Discussion
Second Critical Endpoint in Basalt-H 2 O System. Our direct observations by X-ray radiography and careful examination of the quenched samples indicate that the second critical endpoint in the basalt-H 2 O system should occur at 3.4 AE 0.2 GPa (Fig. 2 ). Because the second critical endpoint occurs on the hydrous solidus, the T of the second critical endpoint is estimated to be at around 770 AE 50°C, based on previous studies (38, 39) . From the runs S996 and S1083 at 3.0 GPa and also runs S1902 and S1193 at 3.3 GPa (Table 1) , the water content of the aqueous fluid on the solvus between the aqueous fluid and the silicate melt at P between 3.0 and 3.3 GPa must be between 62 and 68 wt % H 2 O. Therefore, the critical water content at the second critical endpoint is considered to be less than and probably close to 65 AE 3 wt % H 2 O. Our results are consistent with most of the previous studies: None of the previous experimental studies have shown any direct evidence that the aqueous fluid and hydrous silicate melt could coexist in the basalt-H 2 O system above 3 GPa.
Kessel et al. (40) reported that the second critical endpoint in a K-free basalt-H 2 O system occurs at around 5.5 GPa, which is 2.1 GPa higher than the result determined in the present study. Kessel et al. (40) determined the solubility of silicate components in H 2 O with changing Tunder constant P. The solubility of silicate components changes continuously with T when the experimental P is above the second critical endpoint, whereas the solubility changes discontinuously with T when the experimental P is below the second critical endpoint. However, as can be seen from the flat of the solubility curve in Fig. 2C (X H 2 O ∼ 30 to 80), the change in solubility is drastic in the case when the experimental P is above the second critical endpoint. It is, therefore, difficult to determine which type of phase diagram (i.e., Fig. 2 B versus C) is valid under the experimental P by determining the solubility only. Using their indirect method (40) , which involved some uncertainty in determining the solubility of silicates, it is considered that Kessel et al. (40) were unable to determine precisely the P of the second critical endpoint.
Depths of the Second Critical Endpoints and Their Bearing on the
Subduction-Zone Magmatism. In most of the Earth's present "normal-type" subduction zones, basaltic magmas are considered to (Fig. 3) . Therefore, our experimental results strongly indicate that the slab-derived fluid under most subduction-zone volcanoes is SCF rather than a separate aqueous fluid, hydrous melt, or both of them. Only in the case when dehydration reactions of hydrous minerals in subducting slabs occur at depths shallower than 100 km may aqueous fluid and/or hydrous melt be released from the slabs, depending on P-T conditions. It is often suggested that the fluid released from the subducting slab plays an important role in the transport of trace elements from the slab and in the generation of the geochemical characteristics of magmas in subduction zones (5, 44) . In the forearc region, where the P is less than the second critical endpoint, the fluid mobile elements (FMEs) (i.e., aqueous fluid/mineral partition coefficient, (35) . On the other hand, the primitive magma on the back-arc side (path C) should remain alkalinerich (BADR, A) because the extraction of the alkaline elements by the fluid-melt immiscibility is impossible beyond the second critical endpoint (35) . Abbreviations for F, M, and SCF are the same as in Table 1 .
preferentially extracted from the slab to the mantle wedge. With increasing P, however, not only the FMEs but also the fluid immobile elements (FIEs), such as Nb, Th, and REE, enter into the SCF (45) .
It has been reported that the ratio of FME to FIE in volcanic rocks decreases continuously from the volcanic front to the back-arc side (46, 47) . These across-arc geochemical variations have often been interpreted as a sign that the amount of fluid released from a slab decreases continuously with increasing depth of the Wadati-Benioff zone, assuming that the trace element composition of the fluid remains constant with slab depth (46) . However, the composition of slab-derived fluids cannot be constant with P (45). Our experimental results suggest that these across-arc geochemical variations are direct evidence that the fluids released from the subducting slab change from an aqueous fluid to SCF with increasing depth under volcanic arcs.
Concerning subduction zones where young and hot oceanic crust is subducted, it has been argued that the melting of subducting oceanic crust itself, rather than mantle wedge peridotite, could happen and generate adakitic magmas (48) (49) (50) . One of the interesting features of adakites is that they are mainly situated where the Wadati-Benioff zone is located at 70-90 km beneath the volcanic arc (51, 52) . It has been suggested (52) that this depth limitation of 90 km is related to the stability limit of amphibole in the subducting oceanic crust. However, serpentine in the oceanic lithosphere could also carry water to the depths of 150-200 km (ref. 53 ) and hence could be the source of water that might trigger the melting of oceanic crust at depths greater than 90 km.
Our results lead to an alternative explanation as to why adakitic magmatism occurrences are generally situated where the depth of the Wadati-Benioff zone is shallower than 90 km. According to our phase diagrams (Fig. 2C) , it would be easier to generate hydrous melt (i.e., adakites) below 3.4 GPa because a relatively high T is required to produce melt (i.e., silicate-rich SCF2 in Fig. 2C ) above 3.4 GPa. Above 3.4 GPa, water-rich SCF (SCF1 in Fig. 2C ) would be released successively from the slab to the mantle wedge before the slab T becomes high enough. In this case, this low-T, water-rich SCF (SCF1) could become the source of water that generates "normal" basaltic magmas by the hydrous melting of mantle wedge peridotite, instead of forming adakites.
Our experimental results lead to the conclusion that the depth limit of 90 km for the formation of adakitic magmatism is controlled by the position of the second critical endpoint in the basalt-H 2 O system, rather than the availability of water in the slab. For some subduction zones, it has been reported that magmatism changes from an adakite type to a normal subduction-zone type with increasing depth of the Wadati-Benioff zone (51, 54) . This change in the major-element chemistry of volcanic rocks is considered further proof that the slab melting is limited to the fore-arc side, whereas SCF as a result of slab dehydration causes normal-type magmatism in most of the subduction zone.
Materials and Methods
Experiments were carried out using an X-ray radiography technique (37) together with a Kawai-type double-stage multianvil high-P apparatus (SPEED-1500) installed at SPring-8 (55) . The composition of basalt used as a starting material was close to the average for mid-ocean-ridge basalt glasses (56) Because diamonds are transparent to X-rays, the real-time images of the samples under high-P and high-T conditions could be directly observed using an X-ray camera.
The T was monitored with a W5%Re-W26%Re thermocouple. Because the high-T junction of the thermocouple was far from the sample chamber for the radiography experiments, a correction was made to estimate the real sample T from the thermocouple readings. The T values reported here are real (or estimated) sample T values that can be directly compared to the other studies on phase relations. No correction for the effect of P on the thermocouple electromotive force was applied. Detailed experimental methods and P-T calibrations have been reported elsewhere (30, 35) .
The T was increased or decreased under a constant load. The heating and cooling rates were about 5°C∕s, which is comparable to those adopted in the studies on the observation of critical behavior between aqueous fluid and silicate melt using a hydrothermal diamond-anvil cell (27, 28, 32, 36) . The X-ray camera was on at all times during the experiment, and images were recorded from the beginning of the heating (i.e., room T) until quenching.
In the experiments at P values below the second critical endpoint, the experimental P-T path encountered the stability field of aqueous fluid þ silicate melt with increasing T under a constant P. In this case, one fluid phase (either aqueous fluid or silicate melt) formed spheres in the other phase because of the differences in the interfacial tension between them. A round shape is therefore expected to be observed in the radiographic images. On the other hand, in experiments beyond the second critical endpoint, a round shape should not be observed, because SCF is the only homogeneous fluid phase existing at high T. The P of the second critical endpoint can therefore be determined by bracketing the upper and the lower P limit where the round shape is present or absent in the radiographic images. It has been reported that no visible change in the size of the silicate melt sphere in an aqueous fluid matrix was observed in the radiographic images while the T was kept at 1,180°C for 45 min (35) . This indicates that the modal abundance of phases does not change with time during radiographic observation, suggesting that chemical equilibrium was attained.
After observation with the X-ray camera, the samples were quenched under the desired P-T conditions so that the X-ray radiographic images could be compared with the quenched textures. Phases in the recovered samples were identified with a JEOL JXA-8900 electron microprobe at the Cornell Center for Materials Research, Cornell University. Chemical composition was analyzed by wavelength dispersive spectrometers with a JEOL JXA-8800R electron microprobe at the Earthquake Research Institute, University of Tokyo. The data were reduced using the correction procedure of Bence and Albee (57) . An acceleration voltage of 15 kV and a beam current of 12 nA were employed. Counting time was 10 s for all elements. A focused electron beam was employed for analysis of minerals. A 10-to 30-μm diameter electron beam was used to obtain the composition of quenched materials from the silicate melt and aqueous fluid.
Because radiographic studies were done within a relatively short experimental duration, such as tens of minutes (30, 35) , the equilibrium was checked by conducting a series of long-duration constant-T quench experiments to see if we could reproduce quench textures of the aqueous fluids, hydrous melts, and SCFs, which were observed in the experimental products quenched after the radiography observations. Experiments were carried out using a Kawai-type multianvil high-P apparatus installed at the Earthquake Research Institute, University of Tokyo (58) . In these long-duration constant-T quench experiments, only one diamond end cap was used with an AuPd sample capsule, and the high-T junction of the thermocouple was placed immediately adjacent to the AuPd sample capsule. The thermocouple reading was therefore exactly the same as the sample T. The duration of the longduration constant-T quench experiments was 6 h. The recovered samples were polished and examined with a JEOL JXA-8800R electron microprobe and a JEOL JSM-5600LV scanning electron microscope at the Earthquake Research Institute.
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